). The signal dradict that Bhlhb4 may also play a role in neural developmatically dropped off at P9 such that by P10 it was ment of the retina. Loss of Bhlhb4 resulted in a profound nearly undetectable, and it was gone by P12 (Figures deficit in retinal activity that was attributed to the abol-1M-1O). Bhlhb4-LacZ was expressed in a similar fashishment of the RB cell population. Our data are consision, as detected by immunofluorescent (IF) labeling (see tent with Bhlhb4 regulating aspects of neuronal maturabelow), except that ␤-galactosidase protein (␤-gal) tion of RB cells during retinal development, and failure could be detected at P10, likely due to high ␤-gal protein to achieve these aspects of RB cell maturation lead to stability (24-48 hr), but was difficult to detect at P12 cell death in the Bhlhb4 knockout. or before P7 (Figure 8 and data not shown). Bhlhb4 transcripts were detected again at P14, around the time the eyes open ( Figure 1P ), but at more moderate levels, Results which were maintained in the adult ( Figure 1Q ). Thus, Bhlhb4 likely has both a developmental role and a role Generation of the Bhlhb4 Knockout in the adult retina. The Bhlhb4 Ϫ/Ϫ animal was generated in order to determine the in vivo function of Bhlhb4 ( Figures 1A and 1B were indistinguishable. There was a slight reduction in reduction in bipolar cell numbers due to retinal precursor cell failure to generate a particular cell type, to proliferthe maximum amplitude of photopic b-wave in the Bhlhb4 Ϫ/Ϫ mice as compared to wt. Thus, the loss of ate, or to differentiate properly, leading to programmed cell death (apoptosis). Bhlhb4 had an effect on CB activity, although incomplete. Interestingly, the a-waves were more visible in the Although the overall layering of the adult (2-to 3-month-old) Bhlhb4 Ϫ/Ϫ retinas was normal, the INL was Bhlhb4 Ϫ/Ϫ mice at higher intensities, possibly reflecting an unmasking effect due to the loss of the rod-driven thinner in the Bhlhb4 Ϫ/Ϫ retina in comparison to the wt littermate ( Figures 3A and 3B) . The positioning and thickb-wave (Table 1) Figures 5K and 5L) . We cannot rule out the possibility that some RB cells do not express Bhlhb4; PKC␣ Ϫ cells were observed in the Bhlhb4 ϩ/Ϫ retina (Figure 5C, arrow) . Triple labeling of Bhlhb4 ϩ/Ϫ retinas with however, these results showed that nearly 100% of PKC␣ ϩ RB cells normally express Bhlhb4. None of the anti-PKC␣, anti-G0␣, and anti-␤-gal antibodies (data not shown) indicated that these cells did not express PKC␣ PKC␣ ϩ amacrine cells, as determined by PAX6 colabeling, morphology, and laminar position, expressed nor G0␣, suggesting that they may be either an OFF CB subtype or an as yet unidentified cell type.
Bhlhb4-LacZ (data not shown). The colocalization of PKC␣ and Bhlhb4-LacZ expression was confirmed by labeling WM retinas and examin-
The Absence of Distinctive RB Cell Terminals and Invaginating Dendritic Processes Confirmed ing horizontal optical sections (Figures 5G-5L). No cells were labeled by anti-␤-gal antibodies in the wt retina the Loss of the RB Cell Population
The fact that PKC␣ expression was nearly lost in the ( Figures 5H and 5I) , while in the heterozygote, all PKC␣-expressing RB cells (Figures 5J and 5K) coexpressed Bhlhb4 knockout suggested that the RB cell population 7B and 7C and Table RB cell terminals at the innermost level of the IPL is generally not detected in the mouse retina until P8 (Fig-2) . Instead, a significant number of synaptic diads were present in the Bhlhb4 Ϫ/Ϫ photoreceptor terminals, indiures 8A and 8B) (Wang et al., 2003) . Surprisingly, significant numbers of PKC␣-expressing RB cells were found cating the normal synaptogenesis between the rod photoreceptor and horizontal cells but a lack of invaginating in the P8 Bhlhb4 Ϫ/Ϫ retinas ( Figures 8D-8F and 8H ). These presumptive Bhlhb4 Ϫ/Ϫ RB cells appeared to be RB processes. An increase in the number of unclear, disrupted, or abnormal synaptic junctions in Bhlhb4 Ϫ/Ϫ able to mature to the point that they expressed RB cell type-specific markers, aligned themselves at the outer rod terminals, with multiple ribbons and accumulations of dense material at the position of the missing RB proedge of the INL, and extended axonal processes, similar to the wt littermate ( Figures 8A-8C ). At P8, the PKC␣ ϩ cess, was also observed ( Figure 7C and Retinas derived from three animals in each genotype group. A total of 56 electron micrographs of Bhlhb4 Ϫ/Ϫ retinas and 65 micrographs of wild-type taken at 4000ϫ were counted. Terminals with multiple ribbons or with unclear synaptic structures were counted separately. Percentages of the total number of terminals with ribbons are in parentheses. Terminals without ribbons or unclear structures reflected the variation of angle/position of the sections through each terminal.
colocalization was detected in both Bhlhb4 ϩ/Ϫ and tected at P8 and P10 (data not shown). These data suggested that RB cells in the Bhlhb4 knockout underBhlhb4 Ϫ/Ϫ retinas at P8 (Figures 8G and 8H) . At P8, the number of PKC␣ cells was already reduced went apoptosis beginning around P8 such that the population was nearly depleted by P12. by 64.7% (p Ͻ 0.001, Student's t test, two-tailed), and the projection of axons and formation of terminals was markedly reduced ( Figure 8D) . However, the cell loss in Discussion the Bhlhb4 knockout was progressive in that the percent reduction in RB cells increased from 64.7% at P8 to The RB population did not recover in the mature Bhlhb4 Ϫ/Ϫ retina, accounting for the dramatic loss of ERG 91.2% in the 2-to 3-month-old animals, and the relative number of RB cells present at P8 in the Bhlhb4 Ϫ/Ϫ was b-wave of the adult Bhlhb4 Ϫ/Ϫ mouse. ERG recordings displayed a dramatic reduction in the scotopic b-wave significantly more than in the 2-to 3-month-old animals (p Ͻ 0.001, Student's t test, two-tailed) ( Figure 8K ). The elicited from RB cells but sustained a normal a-wave derived from the photoreceptor population, indicating loss of RB cell terminals, axons, and somata progressed quickly such that only a few PKC␣-labeled somata could the lack of dependence of the rod photoreceptor population on the RB targets. The residual rod b-wave at be detected in the Bhlhb4 Ϫ/Ϫ by P12 and no axons could be detected (data not shown). 
